Chiari malformations (CMIs) encompass a spectrum of neuraxial failures of dorsal induction depending on the extent of longitudinal neuraxial involvement.^[@R1]^ Asymptomatic CM1 may be incidentally discovered on MRI in adults.^[@R2]^ CMI has been attributed to the internal volume of the posterior fossa being too small to contain its neural contents, producing downward displacement of the cerebellar tonsils, which may obstruct CSF flow and cause syringomyelia.^[@R3][@R4][@R5]^ CMI is sometimes associated with syndromes that impair normal bone development, e.g., achondroplasia.^[@R3],[@R6][@R7][@R9]^

We previously identified CMI and occult spinal dysraphism in 2 patients with *EPAS1* gain-of-function syndrome.^[@R10]^ Early somatic gain-of-function mutations in *EPAS1* encoding the protein hypoxia-inducible factor-2α (HIF-2α) causes a syndrome characterized by multiple paragangliomas, somatostatinoma, and polycythemia.^[@R11]^ These *EPAS1* mutations affect the oxygen degradation domain of HIF-2α and impair hydroxylation by prolyl hydroxylase domain-containing protein 2 and subsequent association of HIF-2α with the von Hippel-Lindau protein.^[@R12],[@R13]^ This impairs the degradation of HIF-2α and the response to normal or increasing oxygen tension.^[@R14],[@R15]^ Reduced HIF-2α activity promotes endochondral and intramembranous ossification and bone repair.^[@R16],[@R17]^ We thus hypothesized that HIF-2α gain-of-function in our patients led to persistent hypoxic signaling, incomplete mesenchymal development, reduced bony development of the spine and skull base, and CM1 with associated sacral abnormalities.^[@R10]^

The present study evaluates 8 patients with *EPAS1* gain-of-function syndrome for the presence of posterior fossa and spinal malformations. We also investigated the pathogenesis of the identified malformations in a transgenic *EPAS1* gain-of-function syndrome mouse model.

Methods {#s1}
=======

Standard protocol approvals, registrations, and patient consents {#s1-1}
----------------------------------------------------------------

The institutional review board of the *Eunice Kennedy Shriver* National Institute of Child Health and Development (NICHD, [ClinicalTrials.gov](http://ClinicalTrials.gov) Identifier: NCT00004847) approved the study protocol, and written informed consent was obtained from all participants. The research study followed all applicable institutional and governmental regulations concerning the ethical use of animals.

Patient selection and evaluation {#s1-2}
--------------------------------

Patients met the criteria of the syndrome including paraganglioma, polycythemia, and confirmed *EPAS1* somatic mutation.^[@R18]^ Anatomic imaging for tumor staging and restaging included MRI and CT of the head and neck and CT of the lower spine. We evaluated the available MRI scans to characterize the anatomy of the brain, including the posterior fossa and cervical spine. We evaluated the CT reconstructed images to describe the bony anatomy of the calvarium, skull base, and spine.

### Measurements {#s1-2-1}

We used the previously described methods to measure posterior fossa structures.^[@R9],[@R19][@R20][@R25]^ Details in e-methods ([links.lww.com/NXG/A252](http://links.lww.com/NXG/A252)).

### Bone density calculations (Hounsfield Units) from CT abdomen/pelvis {#s1-2-2}

We evaluated the bone density at the L5 vertebral body and sacrum on available CT scans using the same settings,^[@R26],[@R30]^ using OsiriX Imaging Software.^[@R26],[@R27]^ Details in e-methods ([links.lww.com/NXG/A252](http://links.lww.com/NXG/A252)).

Laboratory studies {#s1-3}
------------------

### Patient *EPAS1* mutation analysis {#s1-3-1}

Genomic DNA was extracted from patient tumor tissue and leukocytes via the NucleoSpin Tissue Kit (Macherey-Nagel, Bethlehem, PA). PCR amplified *EPAS1* exons. Primer sets for exon amplification were previously described.^[@R11]^ Sanger sequencing determined the DNA sequence of each exon in tumors and leukocytes.^[@R11]^ Peptide nucleic acid sequencing in blood leukocytes later confirmed mosaicism of the mutations in the 2 index patients.^[@R18]^

### Transgenic mouse model {#s1-3-2}

All animal studies were reviewed and approved by the Animal Care and Use Committee of NICHD. Transcription activator-like effector nucleases-mediated homologous recombination *Epas1*^*A529V*^ established mutant mice via a previous study.^[@R28]^ This introduces the point mutation, A529V (guanine, cytosine, adenine\>guanine, thymine, adenine) in exon 12 of *Epas*, distal to the insertion of a reverse oriented neo cassette flanked by loxP sites in intron 11. In its native state, the neo cassette inhibits transcription from the altered allele, resulting in a haploinsufficiency. This haploinsufficient mouse does not demonstrate polycythemia or noradrenergic phenotype.^[@R28]^ When bred to the enzyme 2a cyclization recombinase (*E2a-Cre*) mouse, Cre expressed in the early postzygotic embryo leads to excision of the loxP flanked neo cassette on a sporadic basis,^[@R29]^ allowing the successful transcription of the A529V gain-of-function mutant allele in a subset of the cells. Therefore, 4 categories of mice result from each litter: (1) the gain-of-function mutant (A529V variant positive, Cre positive, henceforth referred to as "mutant"), (2) the Cre-only control (variant negative, Cre positive), (3) the haploinsufficient mouse (variant positive, Cre negative), and (4) a wild type (WT) control (variant negative, Cre negative). Previous quantification of this allele using digital droplet PCR in reverse transcribed complementary DNA in multiple tissues showed that the excision occurred in 30%--100% of cells in gain-of-function mutants, depending on the tissue type.^[@R28]^

Wild type or Cre-only mice were used as controls for all experiments; haploinsufficient mice from the litter were not studied. Experiments were performed on 3- to 5-month-old mice. Five mutant mice (4 males, 1 female) and 4 control mice (2 males, 2 females) underwent Microfil vascular perfusion and subsequent ex vivo 14T MRI, CT scans, volumetric reconstruction, and gross dissection. For bone mineral density calculation in the mouse model, ex vivo micro-CT was repeated on 8 nonperfused mice to avoid the density incurred by Microfil in the bone vascular spaces. Two mutant and 2 control mouse nonperfused calvaria were isolated with dura and venous sinuses intact for decalcification, histology, hematoxylin & eosin staining, and immunohistochemistry.

### Vascular perfusion of mouse model {#s1-3-3}

Mice were heparinized, allowed to ambulate for 2 minutes, and subsequently euthanized via carbon dioxide narcosis before bilateral thoracotomy. Mice were then positioned supine and incised in the midline from the xiphoid to the pubis. Once exposed, a hemostat secured the xiphoid. The diaphragm was removed. The rib cage was cut bilaterally just short of the internal thoracic arteries and then elevated to reveal the thoracic cavity. The inferior vena cava was transected and the descending thoracic aorta exposed. Two sutures were placed under the aorta using 7-0 silk (Teleflex, Coventry, CT) and a small opening made in the vessel. A perfusion catheter, consisting of 15 cm of PE-10 tubing (Instech, Plymouth Meeting, PA) threaded onto a 30G needle (Beckton Dickinson, Franklin Lakes, NJ) and connected to a syringe, was placed in the opening, advanced beyond the sutures, and secured in place. Five milliliters of 10^-4^ M sodium nitroprusside (Sigma, St. Louis, MO) in 1× phosphate-buffered saline was then perfused through the vasculature to remove excess blood and assure maximal dilation. Microfil (Flow Tech Inc, Carver, MA), mixed in a 2:7:1 (Microfil:diluent:polymerizing agent) ratio, optimized to allow arterial-venous transit, was slowly perfused until visibly exiting the inferior vena cava. At this point, the inferior vena cava and right auricle were ligated, the animal was placed in the prone position, and the skull was exposed to visualize the dural venous sinuses and diploic veins. Microfil injection was continued to fill vascular networks (figure e-1, [links.lww.com/NXG/A252](http://links.lww.com/NXG/A252)).

### Ex vivo imaging of the mouse model head and spine {#s1-3-4}

Mouse samples were scanned via 14T MRI and micro-CT. OsiriX Imaging Software and Bruker software suite for MRI and CT imaging facilitated image reconstruction and analysis. respectively. Details in e-methods ([links.lww.com/NXG/A252](http://links.lww.com/NXG/A252)).

### Histology and immunohistochemistry {#s1-3-5}

Immunohistochemistry detected cells stained by HIF-2α primary antibody (Abcam \[ab109616\], 1:500 ab:PBST) within formalin-fixed, decalcified, paraffin-embedded sections. Details in e-methods ([links.lww.com/NXG/A252](http://links.lww.com/NXG/A252)).

Data archiving {#s1-4}
--------------

The published article and supplementary information files include data generated or analyzed during this study.

Results {#s2}
=======

Posterior fossa characteristics in patients with *EPAS1* gain-of-function syndrome {#s2-1}
----------------------------------------------------------------------------------

All 8 patients had confirmed *EPAS1* somatic mutation. Of these, all had malformation of the posterior fossa and 7 demonstrated spinal dysraphism. [Figure 1](#F1){ref-type="fig"} shows the representative images of the posterior fossa malformations, and section e-4 ([links.lww.com/NXG/A252](http://links.lww.com/NXG/A252)) shows the spinal malformations. One patient demonstrated a Dandy-Walker variant malformation characterized by mild improper closure of the cerebellar vermis and a wide communication between the fourth ventricle and cisterna magna ([figure 1, D and E](#F1){ref-type="fig"}). Seven of the 8 patients demonstrated downward position of the cerebellar tonsils. [Table 1](#T1){ref-type="table"} contains the measurements of the posterior fossa and contents for each patient; section e-3 includes additional patient sagittal MRI measurements. The cerebellar tonsils extended by more than 5 mm below the foramen magnum in 2 patients. The distance of the cerebellar tonsils below the foramen magnum (excluding both the pediatric patient and the patient with the Dandy-Walker variant) was 4 ± 3 mm (mean ± SD) ([table 2](#T2){ref-type="table"}). No patient had platybasia (range 115.36°--132.99°; mean Boogaard Angle 123.2° ± 6.4°). The posterior fossa was larger (205 ± 24 cm^3^) than its contained neural elements (174 ± 20 cm^3^). [Table 2](#T2){ref-type="table"} shows the normal values for these structures. No patient demonstrated syringomyelia or obstruction of subarachnoid spaces at the craniovertebral junction.

![Posterior fossa and spine malformations in patients with *EPAS1* gain-of-function syndrome\
Panels (A--C): Representative images of cerebellar tonsillar displacement and posterior fossa morphology in the patients with incidental Chiari malformation; the same patient is shown. Panel (A): MRI of the brain, sagittal postcontrast T1-weighted sequence shows the left cerebellar tonsil at the lowest tonsillar position, 8 mm below the foramen magnum. The clivus is narrow and underdeveloped; the supraoccipital bone and the uncalcified synchondroses of the odontoid are also shown (arrowheads). Panel (B): Coronal T1-weighted sequence demonstrating the location of the measurement in (A). Panel (C): Axial postcontrast T1-weighted sequence showing crowding of the brainstem by the cerebellar tonsils within the foramen magnum (arrows). Panel (D): MRI of the brain, sagittal postcontrast T1-weighted sequence shows a Dandy-Walker variant malformation with communication between the mega cisterna magna (arrow) and the fourth ventricle. There is improper cerebellar rotation (dashed arrow). The same morphology of the clivus, odontoid, and supraoccipital bone was seen in the patients with Chiari malformation (arrowheads). Panel (E): Axial postcontrast T1-weighted sequence of the same patient as in panel (D) shows the connection between the mega cisterna magna (arrow) and the fourth ventricular space (dashed arrow). Panel (F): Representative lumbosacral spine CT volumetric reconstruction of patient 3 shows dysraphism of the posterior elements of the entire sacrum. Panel (G): Volumetric reconstruction of CT of the lumbosacral spine of patient 7 shows abnormal sacral segmentation.](NG2019012096f1){#F1}

###### 

Syndrome patient measurements on MRI of the brain
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###### 

*EPAS1 g*ain-of-function syndrome patient posterior fossa characteristics
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Bone mineral density in patients with *EPAS1* gain-of-function syndrome {#s2-2}
-----------------------------------------------------------------------

In 7 of 8 of patients, bone density, evaluated at the L5 vertebral body and sacrum on available CT scans,^[@R26],[@R30]^ was in the normal range compared with available literature for sex- and age-matched averages ([table 3](#T3){ref-type="table"}). Patient 7, who displayed severe abnormal segmentation of the sacrum ([figure 1G](#F1){ref-type="fig"}), exhibited a low density, one SD below the mean normal value.

###### 

Patient bone density (HU)

![](NG2019012096t3)

Neuraxial dysraphism in syndrome mouse model {#s2-3}
--------------------------------------------

MRI (14T) of the head and neck of the intact mouse after vascular Microfil perfusion, fixation, and gadolinium contrast infusion demonstrated a spectrum of dysraphic processes of the posterior fossa and spine similar to the patient findings, although of greater severity ([figure 2](#F2){ref-type="fig"}). The displacement of the cerebellar vermis through the foramen magnum was identified in 5 of 7 mutant mice ([figure 2, A and B](#F2){ref-type="fig"}), and cervical myelomeningocele was found in 5 of 7 evaluated mutant mice, including 3 of the mice with cerebellar displacement ([figure 2B](#F2){ref-type="fig"}). All mutant mice had enlarged leptomeningeal veins throughout the head and neck, and animals with myelomeningocele had a large vein coursing through that structure ([figure 2E](#F2){ref-type="fig"}).

![Dysraphisms in *EPAS1* gain-of-function transgenic mouse model\
Representative images of posterior fossa and spinal cord neural tube defects in the transgenic mouse model of *EPAS1* gain-of-function syndrome are shown. Panel (A): Ex vivo 14T MRI axial plane at the craniocervical junction shows cerebellar parenchyma (arrow) extending through the foramen magnum with an attachment to the upper cervical spinal cord (arrowhead). Panel (B): Ex vivo 14T MRI sagittal plane performed on a Microfil-perfused mouse demonstrates a cervical myelomeningocele (arrowheads); large leptomeningeal veins surrounding the spinal cord are shown (arrows). Panel (C): Ex vivo micro-CT of the intact mouse shows abnormal vertebral segmentation of left L5 transverse process and S1 ala (arrows). Panel (D): Ex vivo micro-CT of the intact mouse demonstrates faulty ossification of the posterior elements of the cervical and thoracic spine (double-lined arrows), specifically the spinous process (arrow); the transverse processes are similarly hypodense (asterisk). There is a dysraphism of T1 (dashed arrow). Panel (E): Axial gross dissection of the cervical myelomeningocele shows a large leptomeningeal vein (arrowhead) below the parenchymal tissue marked by the dashed arrow in panel (B). Parenchymal spinal cord tissue is seen outside the normal border (arrow). Lack of ossification of the posterior elements of the spinal column (asterisk) is appreciated lateral to the primary ossification center (dashed arrow).](NG2019012096f2){#F2}

Micro-CT of the head and spine in the same Microfil-perfused mutant mice demonstrated several consistent features ([figure 2D](#F2){ref-type="fig"}). Cervical spinous processes appeared absent at some levels. The spinous processes and lamina that were present, such as at C2, were hypodense, suggesting incomplete ossification. All mutant mice had occult dysraphism of the posterior elements at the T1 vertebra. Gross dissection of the samples confirmed cervical myelomeningocele shown by micro-CT ([figure 2D](#F2){ref-type="fig"}). Mouse lumbosacral micro-CT scans are shown in e-supplement section 5 ([links.lww.com/NXG/A252](http://links.lww.com/NXG/A252)).

The mutant mice also demonstrated abnormal development of the bones of the posterior fossa related to the course of the major dural veins. In a representative image shown in [figure 3A](#F3){ref-type="fig"}, the right sigmoid sinus can be seen coursing through an anomalous canal that is not present on the left. This canal is formed by a bony ridge connected to an abnormally segmented portion of bone joining the squamous temporal bone, petrous temporal bone, and occipital bone ([figure 3, A and B](#F3){ref-type="fig"}). Furthermore, the tonsillar depression on the right, which is posterior to this abnormal bone, is smaller than the left and is open to the foramen magnum. This finding recapitulates the finding of aberrant venous anatomy in 4 of the 8 patients. In these patients, the venous drainage of the skull base around the foramen magnum is altered ([figure 3, C--E](#F3){ref-type="fig"}). First, the right jugular bulb is consistently developmentally enlarged, with a consistently diminutive left jugular bulb. Second, on the left, a large posterior condylar emissary vein is seen exiting its respective foramen with disorganized bony borders; this emissary vein is not seen on the right side with the large jugular bulb. Finally, this large emissary vein is seen draining to a large cervical venous plexus not appreciated on the contralateral side.

![Anomalous venous patterns affecting clival-occipital development in patients and mouse model\
Panel (A): Volumetric reconstruction of the ex vivo CT of the Microfil-perfused mouse model demonstrates an abnormal development of the right petrous temporal bone (asterisk), with a bony ridge from an aberrant segment of bone overlying the sigmoid sinus; this is not seen on the left side. Panel (B): The same reconstruction seen from 180° view compared with panel A. The jugular vein from the sigmoid sinus on the right (arrow) is seen on the other side of the abnormal bony ridge (asterisk). The tonsillar depressions in the occipital bone are appreciated (dashed arrows); the right, which is open to the foramen magnum, is smaller than the left because of the anomalous course of the venous system through the abnormal petrous temporal bone. Panels (C--E): Representative images of anomalous pattern of the posterior condylar emissary vein and occipital bone in the *EPAS1* gain-of-function patients; the same patient (5) is shown. Panel (C): MRI of the brain, coronal postcontrast T1-weighted MR shows the posterior condylar emissary vein (PCEV) (arrow) arising from the sigmoid sinus and exiting through the occipital bone on the left; this is not seen on the right (arrowhead). Panel (D): Sagittal T1-weighted shows the course of the PCEV identified in panel (A) (arrow). Panel (E): Axial postcontrast T1-weighted sequence shows the PCEV coursing through the occipital bone with poor definition of a true foramen (arrow); the right jugular bulb is also seen to be developmentally larger than the left (arrowheads).](NG2019012096f3){#F3}

Decalcified histologic sections of the calvarium at the level of the torcular Herophili and petrous temporal bone, removed intact, were evaluated by hematoxylin and eosin staining on light microscopy. Histology showed varying patterns of size and the presence of bone marrow cavities, i.e., regions both lacking and abundant and transitional cartilage with poor separation from periosteum compared with the littermate controls (figure e-2, A and B, [links.lww.com/NXG/A252](http://links.lww.com/NXG/A252)). Immunohistochemistry with an antibody against HIF-2α showed strongly positive staining in the bone marrow in the mutant compared with the littermate control (figure e-2, C and D). The transitional cartilage in the mutant did not stain with the HIF-2α antibody.

Bone mineral density in the mouse model {#s2-4}
---------------------------------------

Bone mineral density calculations of S1 using reconstructed CT scans of 4 mutant mice and 4 WT mice demonstrated no significant difference between the mutant and control samples (figure e-3, [links.lww.com/NXG/A252](http://links.lww.com/NXG/A252)). For WT, the sample mean was 0.36 with 95% confidence limits for the true population mean of 0.18 and 0.54. For the mutant, the sample mean was 0.37 with 95% confidence limits for the true population mean of 0.20 and 0.53.

Discussion {#s3}
==========

This report further characterizes the posterior fossa and spinal malformations in *EPAS1* gain-of-function syndrome. CMI and sacral dysraphism were the most common malformations seen in our patient cohort. The co-occurrence of CM1, Dandy-Walker variant malformation, sacral dysraphism, and abnormal vertebral segmentation suggest that they share a common mechanism in this syndrome, i.e., failure of mesenchymal transition mediated by HIF-2α. Our findings align with proposals of previous investigators that posterior fossa and dorsal spine malformations arise through the mechanisms preventing normal development of brain, spinal cord, and CSF circulation pathways.^[@R1],[@R4]^

The larger than normal posterior fossa volume seen in patients with *EPAS1* gain-of-function syndrome with CMI differs from the smaller than normal posterior fossa volume in most patients with idiopathic CM1. The larger posterior fossa in *EPAS1* gain-of-function syndrome may prevent the symptoms, obstruction of CSF flow, and syringomyelia that frequently occur in idiopathic patients with CM1. In *EPAS1* gain-of-function syndrome, the posterior fossa volume can contain the entire cerebellum, eliminating disproportion between the posterior fossa container and contents as a mechanism of tonsillar descent. The cause of the cerebellar ectopia in patients with *EPAS1* gain-of-function syndrome likely arises from congenital malposition of the cerebellar tonsils. The congenital malposition theory is supported by the finding of Dandy-Walker variant malformation, a known failure of cerebellar rotation, in one of our patients.

The large posterior fossa in *EPAS1* gain-of-function syndrome appears because of longer bones developing in the posterior fossa. The basioccipital portion of the clivus, the supraoccipital bone, and the dens have synchondroses.^[@R10]^ Raybaud implicates stunted development of these structures in the pathogenesis of idiopathic CMI.^[@R31]^ In morphologic studies of large series of patients with CMI,^[@R32]^ the posterior fossa is smaller than its contents. We propose that in CM1 associated with *EPAS1* gain-of-function syndrome, the duration of the longitudinal cartilaginous development of the endochondral bones was prolonged, ossification was disrupted, and longer and narrower posterior fossa bones resulted.

In our mouse model and patients, we observed that developmental anomalies of skull base veins, including the sigmoid sinus/jugular bulb and the posterior condylar emissary veins, disrupted bony development around the foramen magnum. In embryo, veins organize before other vascular structures after passive diffusion is exceeded.^[@R33]^ Later, a hypoxic gradient stimulates the ingrowth of arteries into the metaphysis toward the epiphysis, leading to cartilage formation and ossification.^[@R16]^ The mechanism of development of anomalous posterior fossa veins and enlarged posterior fossa volume appears to be (1) reduced hypoxic gradient in the developing bone, (2) abnormally prolonged longitudinal development of the bone, and (3) failure of mesenchymal transition.

The transgenic mouse model allowed investigation of the pathogenesis of these developmental disorders of the neuraxis. The malformations were evaluated without disturbing their anatomy using ex vivo MRI and CT scans after vascular perfusion. The mouse model demonstrated a wide spectrum of malformations, including CMI, spinal dysraphism, and myelomeningocele associated with failure of dorsal induction, improper closure of the neural tube, and incomplete bone development.^[@R34]^ Of note, the case of CMI shown in [figure 2A](#F2){ref-type="fig"} demonstrated white matter connections between the cerebellum and spinal cord, similar to the connections present in the cervical myelomeningocele. Although this was not seen in the patient imaging, it does support malposition of the cerebellum as part of the common mechanism behind CMI-IV in this syndrome.

The histology and immunohistochemistry of the calvarium in the disease mouse model further elucidates the pathogenesis of the dysraphic processes in the syndrome. There appears to be varying patterns of bone marrow architecture throughout the calvarium of the mutant mouse model compared with the littermate control. Furthermore, the bone appeared in a transitional stage of ossification with poor distinction between the layers of the surrounding mesenchymal tissue. This suggested that the decreased presence and ossification of bone is because of failure of mesenchymal transition.

Bone mineral density calculations in the mice confirmed no difference between the mutant mouse and littermate controls. This was consistent with the patient bone density calculations, which were found to be elevated for 7 patients but within 2 SDs of the mean for sex- and age-matched literature reference values for all patients.^[@R26],^ Patient 7 had severely abnormal segmentation of the sacrum, which likely contributed to the low calculated bone density from CT, which is based on a volumetric reconstruction. It appears based on these data, gross dissection, and histology that the bone that is present and ossified is normal, whereas there are some areas of bone which have failed to transition from the developmental stages of mesenchyme. For example, in the spine, gross dissection revealed a remnant primary ossification center with incompletely ossified posterior elements of the spine surrounding the myelomeningocele. Furthermore, it appears that this failure of mesenchymal transition occurs in regions with large developmentally remnant venous structures.

This study further identified and characterized posterior fossa malformations and spinal dysraphism in patients with *EPAS1* gain-of-function syndrome. We investigated the pathogenesis of malformation and dysraphism in our disease mouse model and found evidence of persistent hypoxic signaling, persistent venous elements, and failure of mesenchymal transition. This study further supports a common mechanism for posterior fossa and spinal malformations in *EPAS1* gain-of-function syndrome and establishes the role of HIF-2⍺ in their pathogenesis.
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